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Executive summary
Eucalyptus productivity is strongly related with climate and soil types of
the area where it is planted. To accurately assess the potential produc-
tivity of that species in Portugal, plantations were monitored at di↵erent
management units compartments (MUC) at several locations all over Por-
tugal. Certain indices of productivity of the Eucalyptus at each MUC were
recorded, as well as the type of climate and soil characteristics of the region.
Both climate and soil, factors that a↵ects Eucalyptus grow, were classified
in in ten classes 1, 2, . . . , 10 of expected growing productivity for the Euca-
lyptus. Thus, every MUC belongs to a unique pair (c, s), with 1  c  10
and 1  s  10 indicating the type of climate and the type of soil of the
region where MUC is located, respectively, and it is expected that to have
high (low) productivity indices when c and s are both close to 10 (1).
The aim of this work is to identify regions that have similar productivity
levels based on the classifications of soil and climate types and to check
if the available data provided by RAIZ show that those factors a↵ect the
productivity indices.
During the 5-days ESGI this team worked on the datasets provided by
RAIZ, presented an update for the existing MAI productivity chart and
developed new clusters for the Density, Yeld and Consumption productivity
indices. The definition of some quality measures for the clusters, allowed
to compare the di↵erent approaches and also point out some fragilities on
the datasets. Indeed, a review of classification regarding climate and/or soil
characteristics is suggested, as well as the need of a bigger sample for the
Density, Yeld and Consumption productivity indices in order to get more
reliable outputs.
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1 The Challenge
RAIZ Forest and Paper Research Institute is a private, non-profit organiza-
tion whose objective is to strengthen the competitiveness of the forestry (in
particular the eucalyptus wood), in order to maximize access and quality of
the eucalyptus wood for pulp and paper production.
Eucalyptus productivity is strongly related with the climate and soil
types of the plantation plots and it has been subject of several studies (see,
for instance, [1] or [5]). To analyze the e↵ect of these factors on produc-
tivity, climate and soil were independently classified by RAIZ in ten classes
1, 2, . . . , 10 of expected growing productivity for that species, and sites all
over Portugal were assigned to pairs (c, s), with 1  c  10 and 1  s  10,
indicating the type of climate and the type of soil of the corresponding re-
gion. High (low) productivity is expected to occur in locations where both
c and s are close to 10 (1).
The challenge proposed by RAIZ on this study group consists on identi-
fying regions, possibly with di↵erent (c, s) values, that have similar produc-
tivity levels.
To this purpose plantations were monitored at di↵erent management
units compartments (MUC) at several locations all over Portugal. Four in-
dices were considered to estimate the productivity of Eucalyptus. A value
of each of these indices was calculated at each MUC (see Section 2 be-
low), and the pair (c, s) quantifying the climate and soil types of the region
where MUC is located was also recorded. Thus, we have for each pair (c, s)
(1  c, s  10) and, for each of the four productivity indices, ncs values
  quantifying the productivity at each of the ncs MUC that are located in
regions classified as (c, s) in terms of their climate and soil types, respec-
tively. It should be noted that for some pairs (c, s), n(c,s) = 0, i.e., no MUC
belongs to regions classified as (c, s). We denote by G the set of pairs (c, s)
for which n(c,s) > 0. We also denote by ⇤cs the collection of the ncs values
  recorded at MUC on regions classified (c, s), and we let ⇤ = [(c,s)2G⇤cs
be the collection of all values w.r.t. a given productivity index. Finally we
let n denote all the values in ⇤.
The challenge is to determine partitions of G so that climate and soil
types assigned to the same cluster have similar productivity, and climate
and soil types assigned to di↵erent clusters have distinct productivity levels.
RAIZ advanced as benchmark an 8-partition of G which we will refer as
the RAIZ-partition.
We give an approach for finding partitions of G, propose two indicators
to estimate the quality of the partitions, and report and discuss results on
these proposals, for di↵erent numbers of clusters of the partitions, using the
data provided by RAIZ.
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2 The Data
The datasets provided by RAIZ, consisted of 4 productivity outputs:
• Mean Annual Increment (MAI);
• Density;
• Yeld/E ency (Yeld); and
• Consumption.
MAI values were recorded in a dataset for each of the 32547 MUC pre-
sented on the sample. The other three outputs, were registered in a sepa-
rated file with respect to 897 MUC.
In this section we present some descriptive statistics to have some insight
on each of these datasets, in order to better understand the results presented
in Section 4. Those samples main descriptive measures are summarized on
Table 1, where the last column (C.V.) represents the coe cient of variation
(i.e. the ratio of the standard deviation to the mean).
Dataset n min 1st Qt median 3rd Qt max mean std C.V.
MAI 32547 0.9 4.8 7.2 10.8 33.8 8.4 4.9 0.59
Density 897 425.3 530.8 563.7 598.1 722.8 563.6 48.7 0.09
Yeld 897 34.5 48.9 51.1 53.5 61.8 51.0 3.5 0.07
Consumption 897 2.3 2.9 3.1 3.4 4.9 3.2 0.4 0.12
Table 1: Main descriptive measures for each of the four productivity outputs.
2.1 MAI dataset
In this dataset were considered eucalyptus from 8 to 13 years old, with 1 to
4 stand rotations1, resulting in 32547 samples grouped according to climate
and soil types (c, s), with c, s = 1, . . . , 10. The number of cells (c, s) with at
least one MAI value, i.e., the size of G is 72.
For coherence with the format of data presented by RAIZ representatives
at the ESGI127, we will represent climate type on yy’s axis while soil type
will be represented with a reversed scale on xx’s axis.
In Figure 1 we can see the data grouped in 10⇥10 cell grid where, in each
cell (c, s), it is indicated the number of MAI values on that cell. The colors
1The rotation length is a key component of even-aged forest management systems
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Figure 1: MAI: Number of cases observed for each cell.
are indexed by the mean MAI values on cells. The color scale is depicted on
the right-hand side of the plot. The box on bottom-left of Figure 1 details
some of the 23 MAI -values belonging to a particular cell (9, 8).
In Figure 2, we present a color map for four central tendency measures.
The mean is represented on top left, the median on top right plot, while the
1st (3rd) quartile is represented on left (right) bottom plot.
Figure 2: MAI: Mean and percentiles for each cell.
In order to provide a deeper insight into the distribution of MAI values,
Figure 3 presents the MAI empirical cumulative distribution, the histogram
as well as the data box-plot. We also present the Komolgorov-Smirnof (KS)
p-value result for the normality test. Normality is clearly rejected by KS-
test for any usual significance level and there is a considerable number of
MAI extreme values as represented on the box-plot.
The mean of MAI was computed considering fixed one of the coordinates
of the pair (c, s) and varying the other. In Figure 4 we represent the mean
of MAI for fixed c and Figure 5 show us the mean MAI for fixed s.
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Figure 3: MAI: Sample distribution overview.
Figure 4: Mean of MAI with fixed climate (c).
From the observations on the plots represented in figures 4–5, it seems to
be a positive correlation from MAI with soil type, and even with climate.
However, the Box-plots for the pairs (Climate, MAI) and (Soil, MAI)
presented in Figure 6 also highlighted the high variability of MAI values,
specially evident for low classifications on Soil type, and for almost all the
values of Climate.
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Figure 5: Mean of MAI with fixed soil (s).
Figure 6: MAI: Soil and Climate box-plots.
2.2 Density, Yeld and Consumption dataset
This analysis proceed now with a closer look at the second dataset pro-
vided by RAIZ, that include the values for Density, Yeld and Consumptions
instances, and consists on a sample of size 897, arising from 33 di↵erent
combinations on (c, s), where the climate indexes varies from 1 to 10, and
soil from 1 to 8.
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Figure 7: Density: Mean and Sample Size for each cell.
2.2.1 Density
The Density instance represents the continuous variable, Basic Density, that
is measured in (kg/m3). According to [4] basic density is considered the main
indicator of wood quality, as it correlates with all other wood properties, in-
cluding retractability, mechanical properties and anatomy. According to the
same source, density a↵ects all processes in which wood is present, including
pulping, charring, machining and log breakdown.
Figure 8: Density: Mean and percentiles for each cell.
The distribution of Density values on the sample are reasonable symmet-
ric around the mean, having small variation with respect to sample mean
(C.V. ⇡ 0.09). The box-plot presented on Figure 10 doesn’t seem to show
any relevant trend w.r.t. soil type.
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Figure 9: Density: Sample distribution.
Figure 10: Density: Soil and Climate box-plots.
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2.2.2 Yeld
Figure 11: Yeld: Mean and Sample Size for each cell
The Yeld/E cience is an non-dimensional continuous variable, with 897
observations presented in the sample, concentrated in a narrow band of
values and which coe cient of variation is very small (around 7%).
Figure 12: Yeld: Mean and percentiles for each cell.
The box-plot presented on Figure 14 seems to show a small increase
of this parameter with the climate classification, but is rather inconclusive
regarding the soil classification.
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Figure 13: Yeld: Sample distribution.
Figure 14: Yeld: Soil and Climate box-plots.
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2.2.3 Consumption
The instance Consumption represents the specific consumption measured
in (m3/tAD), which is a continuous variable that is calculated using Basic
Density and Yeld, through the formula Consumption = 900Density⇤Y eld
100
.
Figure 15: Consumption: Mean and Sample Size for each cell.
The distribution of Consumption values in the sample is quite asym-
metric, and the K-S test rejects the null hypotheses for any usual level of
significance. There is a significant number of observations which Consump-
tion is greater than the upper whisker of Q3 + 1.5(Q3  Q1).
Figure 16: Consumption: Mean and percentiles for each cell.
Finally, the observation of the several representations of the data, don’t
show any evident relation between consumption and the two Soil and Cli-
mate classifications.
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Figure 17: Consumption: Sample distribution.
Figure 18: Consumption: Soil and Climate box-plots.
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3 Methods
In this section we give an algorithm for finding partitions of the cells of
G, aiming that cells clustered together have similar productivity levels, and
cells on di↵erent clusters have distinct productivity. We also propose three
indicators to assess the quality of the produced clusters w.r.t . productivity.
3.1 Determining partitions of G
We propose the following two step procedure to determine partitions of G
w.r.t. each productivity index.
Procedure Partition:
step 1 Define a k-partition of ⇤, consisting of intervals [ai 1, ai], i = 1, . . . , k
with a0 = min{⇤} and ak = max{⇤}.
step 2 For every (c, s) 2 G, calculate the value of a centrality measure Dcs
of the points in ⇤cs, and assign color i to cells (c, s) for which Dcs 2
[ai 1, ai].
In our computational experiments, to find the partitions on step 1, we
used the clustering methods k-means [2], k-medoids [6] and kernel density
estimation (KDE) [3], and on step 2 we used as centrality measures the
mean and the median, i.e., Dcs = Mean(⇤cs) or Dcs = Median(⇤cs).
Figure 19 shows the results of procedure Partition working on RAIZ
data with productivity MAI, for k = 6, using the cluster method k-means
to obtain the 6-partition of ⇤ consisting of the 32547 MAI values (Figure
19 (top)), and letting the centrality metric Dcs = Mean(⇤cs). The resulting
6-partition of G is shown in Figure 19 (bottom).
Note that the number of clusters of the partition of G obtained at step
2 may be less than k, the number of clusters at step 1 (this happens if some
interval [ai 1, ai] includes no Dcs).
3.2 Assessing the quality of partitions of G
Given a partition of G with colors i = 1, . . . , k, we denote by i(c, s) the color
of cell (c, s) on that partition.
To estimate the Eucalyptus productivity on cells with color i a possibility
could be
E1(i) = D([{(c,s):j(c,s)=i} ⇤cs) (1)
i.e. a centrality value of the set of all points in the cells of G with color i in
the partition of G.
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Figure 19: An illustration of procedure Partition with input MAI dataset.
Top: 6-partition obtained at step 1 using k-means method. Bottom: the
corresponding partition of G obtained at step 2 using centrality Dcs =
Mean(⇤cs).
Another possibility (which does not depend on the partition of G) could
be
E2(i) = D(⇤ \ [ai 1, ai]) (2)
i.e., a centrality estimate of the points of ⇤ that at step 1 of the procedure
Partition were clustered together in interval [ai 1, ai].
Thus, if in a partition of G a point   is in a cell having color i, |  E1(i)|
and |  E2(i)| are estimates of the dissimilarity of   w.r.t. to the reference
values for color i, E1(i) and E2(i), respectively.
Hence, we devise the following formula to assess the quality of k-partition
of G:
Ej =
1
n
X
(c,s)2G
X
 2⇤(c,s)
|   Ej(i(c, s))|
 
(3)
where n = |⇤| is the total number of observations, and j = 1, 2 specifies
which criterion (1) or (2) is used.
In addition to expression (3), to evaluate the quality of a partition, we
also calculate the number of disagreements between the partitions obtained
by procedure Partition at steps 1 and 2. More specifically, we count the
proportion of   2 ⇤ that received di↵erent colors in the two partitions. We
denote by Mismatches the proportion of these  .
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4 Results and discussion
We applied the procedure Partition of Section 3, using di↵erent clustering
methods at step 1, to each of the four productivity outputs. When the k-
medoids method was used at step 1, the median was used as the centrality
metric at step 2, and also to compute E1 and E2. When KDE and k-
means were used at step 1, the centrality mean was applied at step 2, and
to calculate E1 and E2.
4.1 MAI dataset
For MAI dataset the main results are presented on Table 2
Method k step 1 # clusters step 2 E1 E2 PMismatches
KDE 9 9 0.5048 0.4935 0.8467
k-medoids 9 9 0.5084 0.4525 0.7849
k-means 9 8 0.5071 0.5044 0.7992
Raiz solution 8 8 0.5151 0.6150 NA
KDE 8 8 0.5052 0.5047 0.8302
k-medoids 8 8 0.5161 0.4453 0.7484
k-means 8 7 0.5092 0.4933 0.7558
KDE 7 7 0.5098 0.5013 0.8091
k-medoids 7 7 0.5106 0.4558 0.7017
k-means 7 6 0.5162 0.5061 0.7316
KDE 6 6 0.5101 0.5067 0.7763
k-medoids 6 6 0.5126 0.4616 0.6412
k-means 6 6 0.5169 0.5258 0.6998
KDE 5 5 0.5140 0.5053 0.7212
k-medoids 5 5 0.5215 0.4621 0.5666
k-means 5 5 0.5279 0.5650 0.6710
Table 2: MAI: Tests results.
A remark that follows promptly from the results of Table 2 is that the
estimates of the quality of the partitions are large indicating poor separa-
bility among the clusters of cells of G. Especially, the values in column
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PMismatches which are the proportions of the number of MAI values that
received di↵erent colors on the two partitions (step 1 and step 2 of proce-
dure Partition), are quite high (most values around 0.7 or 0.8), and increase
with the number of clusters considered. This fact is a consequence of the
great variability of MAI values in each cell (c, s), as noted already in Sec-
tion 2. See, e.g., in Figure 20 the distribution of the 822 MAI values that
are in cell (7,4). In that figure we also represented the centrality measure
Dcs = Mean(7, 4) (dotted blue line), and the cluster borders in the parti-
tion obtained by step 1, using k-means (red lines). About 70% of the MAI
values of that cell lay outside the cluster borders. Moreover, the range of
MAI values of this cell almost equals the whole interval of variation of all
MAI values (see Figure 3 and Table 1).
Figure 20: MAI dispersion values within cell (7,4).
To explain the large values of E1, we calculated E1 for the (trivial)
72-partition of G where every cluster consists of a single cell and obtained
E1⇤ = 0.5022. Note that this is the “best” partition of G one can get. Hence
the large value of E1⇤ is a clear indication of a poor correlation between MAI
vales and the classification established for climate and soil types. This clear
explains the high values of column E1, and allows to conclude that clusters
obtained with our approach, e.g., KDE method with k = 8 or KDE with
k = 7 (which only add to E1⇤ = 0.5022, which is the minimum possible
E1 value, 0.003 and 0.0076, respectively) are quite reasonable taking into
account the distribution of MAI values amid cells.
The same observations apply to indicator E2. It is worth noting that
RAIZ solution presented the worst E2 value among the solutions in Table
2. We display in Figure 22 the solution that attained the lowest value of E2
(see Table 2). That solution, obtained with k-Medoids consisting of eight
clusters, and that in Figure 21, also with K = 8, obtained using KDE,
which has the lowest E1 value, seem plausible options. If seven clusters
were desirable then KDE with k = 7 that only adds 0.0076 to E1⇤ = 0.5022
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Figure 21: Partition obtained for MAI, using KDE method with k =
8.(E1=0.5052)
could be a good choice.
Figure 22: Partition obtained for MAI, using K-medoids method with k = 8.
(E2=0.4453)
4.2 Density, Yeld and Consumption dataset
We performed a similar analysis for the other productivity outputs. How-
ever, the reader should be aware that in this dataset there are only 33 cells
in G (i.e., cells with at least one value), and only 21 cells with 10 or more
observations (Figure 7). Therefore, results should be cautiously considered.
We present in Table 3 the solution and corresponding E1, E2 and PMis-
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Productivity Method k E1⇤ E1 E2 PMismatches
Density KDE 6 0.0616 0.0621 0.0867 0.76
Yeld KDE 6 0.0481 0.049 0.0486 0.78
Consumption KDE 5 0.0849 0.0860 0.62 0.77
Table 3: Density, Yeld and Consumption: Tests results.
matches values, that for each productivity indicator, satisfied the following
conditions. The number of clusters k was selected as the minimum for which
E1   E1⇤ < 0.01. This was achieved for k = 6, for Density and Yeld, and
k = 5, for Consumption. Next we selected the solution with the lowest
E2. For all productivity indices this was obtained with the KDE clustering
method. The solutions are displayed in Figures 23, 24 and 25.
Figure 23: Proposed cluster for Density, with estimate value for each (c,s)
pair.
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Figure 24: Proposed cluster for Yeld, with estimate value for each (c,s) pair.
Figure 25: Proposed cluster for Consumption, with estimate value for each
(c,s) pair.
5 Conclusions and recommendations
Comments, remarks and recommendations from this preliminary study fol-
lows.
• Concerning MAI.
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– It seems there exists a positive correlation between the distribu-
tion of MAI values within cells and both soil and climate types.
– Nevertheless, there is a significant variability of MAI values in
the cells.
– The high values of E1⇤ is a clear indication that the proposed
attempt for the classification of climate and soil characteristics
with regard to Eucalyptus productivity should be reviewed.
• Concerning Density, Yeld and Consumption.
– With respect to Density, no correlation is apparent between dis-
tribution of productivity values in cells and climate and soil clas-
sifications. This follows from data analysis on Section 2, and from
the distribution of colors on the 6-partition of Figure 23.
– With respect to Yeld, the 6-partition of Figure 24 indicates a
trend of growing productivity reference values in cells with the
increase type of climate. This is in accordance with data descrip-
tion of Section 2.
– With respect to Consumption, we found no evidence of a corre-
lation between productivity and climate and soil types (see the
boxplot in Figure 18, and the pattern of colors of the 6-partition
provided in Figure 25).
– But the main drawback regarding the analysis on this dataset
is a clear lack of information on Eucalyptus productivity on the
10 ⇥ 10 grid cells of di↵erent climate and soil type, and on the
number of values within cells. Reliable results for such analysis
require overcoming this issue with the addition of more informa-
tion.
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